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@ Polarization-independent optical waveguide switch. 

^ An optical switch comprises two optical waveguides (2) in 
a crystal substrate (1) exhibiting an electro-optic effect. Closely 
adjacent waveguide sections (21) for a directional coupler (2a) 
controlled by the voltage (V) applied between two electrodes 
(4) on these sections (21). Waveguide sections (22) lead into 
and out of the coupler sections (^1) for input/output and have a 
width (W2) greater than the width (W1) of the coupler 
waveguide sections (21). 
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Description 



POLARIZATION-INDEPENDENT OPTICAL WAVEGUIDE SWITCH 



TECHNICAL FIELD 

The present Invention relates to an optical wave- 
guide switcli. and more particularly to an polariza- 
tion-independent optical waveguide switch which 
utilizes a crystal substrate displaying an electro- 
optic effect. 
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BACKGROUND OF THE INVENTION 

An optical waveguide switch is suitable for 
applications to transmission line changeover device, 
external modulator or the like in optical switching 
equipment and optical communication networks. 15 
The optical waveguide switch (hereinafter simply 
referred to as "optical switch" alternatively) employs 
an optical directional coupler consisting of an optical 
coupling part composed of two optical waveguides 
disposed adjacently with each other formed on a 20 
crystal substrate displaying an electro-optic effect 
and light intake/outlet parts formed as an extension 
on either side of the optical coupling part serving as 
cup/ed optical waveguides. 

Among optical waveguide switches, a polariza- 25 
tion-independent optical waveguide switch adapt- 
able for single-mode optical fiber links are particu- 
lary desired. 

Such an optical waveguide switch is reported in 
Electronics Letters. Vol. 23, No. 21 , pp. 1 1 67 - 1 169 30 
(1987) by M. Kondo et al. In the optical switch, the 
effective refractive indices of an optical coupling part 
for two mutually perpendicular polarization compo- 
nents of a light wave propagating through the 
waveguides are controlled to be approximately 35 
equal. With such an arrangement. It becomes 
possible to carry out switching operation for a light 
wave with an arbitrary polarization. 

Fig. 1 illustrates structural features of the Kondo 
et al optical waveguide switch with minor modifica- 40 
tlons. The optical switch comprises two optical 
waveguides 2 which form an optical coupling part 2a 
and light Intake/outlet parts 2b and which are formed 
by thermally diffusing Tl into a LINbOa substrate 1. 
Light path changeover or modulation of a light wave 45 
is carried out by applying a voltage to control 
electrodes 4 provided In the optical coupling part 2a. 
Each of the optical waveguides 2 comprises a 
coupling waveguide 21 which provides the coupling 
part 2a together with another coupling waveguide 21 50 
of the other optical waveguide 2, and curved optical 
waveguides 22 serving as the intake/outlet parts 2b. 
The effective refractive indices of both the coupling 
waveguides 21 are made equal for both ordinary and 
extraordinary rays (or mutually orthogonal propaga- 55 
tion components of light). Thus, complete coupling 
lengths of the coupling waveguides 21 which are 
defined as a length enough to completely shift light 
energy in one coupling waveguide to another 
through optical coupling are equal for both ordinary 60 
and extraordinary rays, resulting In a polarization-in- 
dependent optical waveguide switch. 
The effective refractive index of an optical wave- 



guide is known to be determined by the size of the 
width and the depth of an opticaU waveguide and the 
refractive-index difference between the optical 
waveguide and a substrate, and the value of the 
effective refractive index is greater for greater values 
of these factors. On the other hand, the difference 
between the refractive index of the optical wave- 
guide and the refractive index of the LiNbOa 
substrate generally increases with the Increase in 
the concentration of Ti for each of two polarization 
components (ordinary ray and extraordinary ray) that 
are mutually orthogonal while the increasing tend- 
ency of the refractive-index difference is different 
from one polarization component to the other (See 
for example. J. Appl. Phys. 49(9), September 1978. 
pp. 4677 - 4682.) Thus, the same refractive-index 
differences for mutually orthogonal polarization 
components are achieved at a specific concentra- 
tion of Ti (referred to as specific Ti concentration 
hereinafter) in the waveguide. The specific Ti concen- 
tration Is defined as a Ti concentration in the 
coupling waveguides for which the differences 
between the refractive index of the waveguide and 
that of the substrate are equal for both ordinary and 
extraordinary rays. The specific Ti concentration 
depends on the width of the couplingwaveguides 
and the gap G therebetween. 

The specific Ti concentration exists in an area 
where the Ti concentration is relatively low com- 
pared with a Tl concentration attained in polariza- 
tion-dependent optical switches. For instance, ac- 
cording to the referenced work by M. Kondo et al., it 
is the quantity of thernnally diffused Ti of a Ti film with 
a thickness of 470 A under the conditions of 1050**C 
and 8 hours. In contrast, for a polarization-depend- 
ent optical switch, a Ti film with thickness in the 
range of 700 to 900 A is diffused under the same 
temperature and duration of diffusion so that the 
diffused Ti quantity in the reference is less by 
45-20 0/0 than the corresponding value for an 
ordinary or polarization-dependent optical switch. 
Thus, in the prior polarization-independent optical 
switch disclosed in the reference, a light wave is 
confined less strongly to the waveguides than in the 
prior art polarization-dependent optical switch be- 
cause the difference between the refractive Indices 
of the Ti-diffused region and the LINbOs substrate Is 
smaller in the former than in the latter. 

As a general characteristic of the light wave 
radiation loss for curved waveguides is less when its 
confinement to the curved waveguides is stronger. 
In other words, by increasing the effective refractive 
index of the optical waveguides 2 the curvature of 
the curved portions, namely, the curved light 
intake/outlet parts 2b of the optical waveguides 2, 
can be increased, so that it becomes possible to 
decrease the device lengths for optical switch and 
modulator. For the prior art polarization-independ- 
ent optical switch shown in Fig. 1, a specific Ti 
concentration with small amount of diffused Ti has to 
be used and hence the curvature of the curved light 
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intake part 2b of the optica) waveguides cannot be 
made large in view of the radiation loss. Because of 
this linnitation on the diffused amount of Ti, it is not 
possible to reduce the device length beyond a 
certain value. More definitely. It Is difficult to realize 
small device elennents while maintaining a loss of 
less than 1 dB/cm for a light intake part with a radius 
of curvature of. for example, 40 mm. 

SUMMARY OF THE INVENTION 

It Is, therefore, an object of the present invention 
to provide a polarization-independent optical switch 
which permits to realize a reduction in the length of 
device elements while maintaining a low loss. 

According to the present invention, an optical 
waveguide switch comprises two optical wave- 
guides formed In a crystal substrate displaying an 
electro-optic effect, each optical waveguide being 
disposed closely with each other, and two elec- 
trodes provided respectively in each of the optical 
waveguides. The optical switch further comprises a 
directional coupler for switching optical coupling 
between the optical waveguides in response to a 
voltage applied to the electrodes, and an optical 
guiding part having optical waveguides connected to 
the optical waveguides of the directional coupler for 
inputting/outputting of light to the directional 
coupler. The width of the optical waveguides of the 
light guiding part is greater at least in part than the 
width of the optical waveguides of the optical 
directional coupler. The optical waveguides have a 
specific concentration of Ti which is thermally 
diffused into the substrate. The optical waveguides 
present the same differences betweer^ the refractive 
indices of the Ti diffused waveguides and the 
substrate for both ordinary and extraordinary rays. 

In accordance with more specific features of the 
present invention, the optical waveguides of the 
optica! coupler have coupling waveguides for provid- 
ing a complete coupling length therebetween and 
the optica! waveguides of the guiding parts or light 
Intake/outlet parts have curved waveguides formed 
to provide light intake/outlet, parts. Both the coup- 
ling waveguides are formed with the specific Ti 
concentration. The width of the coupling waveguides 
is chosen to be smaller than the width of the curved 
waveguides. Thus, the effective refractive index for 
the curved optical waveguide corresponding to the 
light intake/outlet part will be greater than that for 
the coupling optical waveguide corresponding to the 
coupling part. 

Therefore, the confinement of the light wave will 
be stronger in the optical waveguides of the light 
intake/outlet parts than in the optical waveguides of 
the optical coupling part. As a result, the radiation 
loss suffered by the light wave due to the light 
intake/outlet parts will be reduced compared with 
the case where the widths of the optical waveguides 
for the optical coupling part and.the light intake/out- 
let parts are set to th^. same value Wi . Further, since 
low-loss Intake/outlet parts can be obtained even 
when the curved portions of the optical waveguides 
are given sharper bending, it is possible to reduce 
the length of the device element of the optical 
switch. Accordingly, It is possible to realize, a 



small-sized matrix optical switch in which a large 
number of such optical switches are integrated on a 
single substrate. In other words, if the length of the 
light intake/outlet parts can be decreased for 
5 reduction in the loss, then the number of optical 
switches that can be integrated on a single substrate 
can be increased correspondingly and an expansion 
of the matrix size can be accomplished. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic plan view for illustrating 
the prior art optical switch; 

Fig. 2 is a plan view for schematically showing 
15 a first embodiment of the present invention ; 

Figs. 3 and 4 are charts plotting the relation 
between the width of the curved waveguide and 
the radiation loss; and 
Fig. 5 is a schematic plan view of a second 
20 embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Referring to the drawings, the present invention 
will be described in the following. 

25 In Fig. 2, an optical waveguide switch of a first 
embodiment comprises two optical waveguides 2. 
Each waveguide 2 consists of a coupling optical 
waveguide 21 for a directional coupling part 2a which 
extend along the x-axis or y-axis of a z-cut UNbOs 

30 substrate 1, where the z-axis is in the direction 
perpendicular to the surface of the paper, and 
curved waveguides 22 for light intake/outlet parts 
that are connected to the coupling optical wave- 
guides 21. First, Ti is attached to the surface of the 

35 substrate 1 to have a film of thickness of 470 A, and 
with application of a photoresist on it, Ti removed by 
photolithography except for the portions of the Ti 
film above the areas where the waveguides 21 and 
22 are to be formed. Then, by heating the substrate 

40 in an atmosphere at 1050**C for 8 hours, TI is diffused 
into the substrate and there are obtained wave- 
guides 21 and 22. In the present embodiment, use 
was made of a mask which was to give a width of 9 
p.m for the waveguides 21 and a width of 11 \xxt\ for 

45 the waveguides 22. The spacing between the two 
waveguides 21 and the length of the waveguides 21 
were selected to be 8 p.m and 14 mm, respectively. 
On the waveguides 21 there are formed two control 
electrodes 4 by a sputtering method: The radius of 

50 curvature of the waveguides 22 is 40 mm. 

With one of the electrodes of a directional coupler 
type optical switch thus formed kept grounded, if the 
other electrode is grounded, then the two wave- 
guides 21 are completely connected so that light in 

55 one of the waveguides 21 can be completely shifted 
to the other waveguide 21 . If the other electrode Is 
connected to a prescribed voltage Vo, the two 
waveguides 21 are decoupled and light propagating 
in each waveguide proceeds to the curved wave- 

60 guide 22 connected to each waveguide 21. The 
prescribed voltage Vo is a voltage which is suffi- 
ciently large to decouple the light of TE mode of the 
waveguide. The coupling and decoupling as a result 
of removal and application of the voltage are caused 

65- by an electro-optic effect of the crystals and are 
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based on the changes in the refractive Index of the 
crystals due to electric field. The loss in the light 
intake/outlet part 2b turned out to be 0.9 dB/cm 
which is lower than a loss of 2 dB/cm attained in a 
structure having the same width Wi over the optical 
waveguides 21 and 22. 

Fig. 3 shows plots of radiation loss against the 
width W2 of the curved waveguides 22 for the case of 
fixing the dimension of the optical coupling part to 
be identical to the case of the first embodiment 
(Wi = 9 urn), with radius of curvature of the light 
Intake/outlet part as the parameter. From the figure, 
it clearly shows that the addition loss can be 
reduced by increasing the width of the optical 
waveguides. 

Fig. 4 shows plots of the radiation loss of the 
optical waveguides 22, with the radius of curvature 
of the waveguides 22 as the parameter, for the case 
where the value Wi of the optical waveguides 21 is 6 
jxm and the gap G between the waveguides 21 is 8 
um. In this case, the conditions for diffusion to 
realize the specific Ti concentration were Ti film 
thickness of 630 A and an atmosphere of wet air at 
1050^C for 8 hours. As is clear from the figure, in 
contrast, for example, to the loss of 2.6 dB/cm for 
the radius of curvature .of 40 mm amd the width W2 of 
the curved waveguides having the same value of 6 
um as the width Wi of the coupling part, a loss of 0.8 
dB/cm can be realized by taking W2 to be 9 \im. 

This value of the radiation loss is comparable to 
the loss of 0.6-0.8 dB/cm for an element with 
polarization-depend having identical dimensions as 
above and formed by diffusing, under the same 
conditions as in the above, a Ti film with thickness of 
about 850 A corresponding to the Ti diffusion 
quantity required for the case of an optical wave- 
guide satisfying the single mode condition and the 
strongest confinement of the light wave mode. 
Therefore, it can be confirmed that the radiation loss 
is reduced to a minimum achievable level by means 
of the present invention. 

As shown in the above the present invention 
makes it possible to realize a reduction in the length 
L of the device element for a polarization-independ- 
ent optical switch and modulator. For example, by 
using the characteristic shown in Fig. 4 with the 
separation D between the two light intake/outlet 
parts 2b of 200 jxm, with a change in the width of the 
curved optical waveguides 22 from 6 \vm of the 
conventional structure shown in Fig. 1 to 9 jim of the 
present invention, a reduction of 7 mm in the device 
element length can be realized with approximately 
the same loss even when the radius of curvature is 
decreased from about 60 mm to about 40 mm. 

Fig. 5 is a plan view for schematically illustrating an 
optical switch in accordance with a second embodi- 
ment of the present invention. In this embodiment, 
the width of the optical waveguides 22 of the light 
Intake/outlet parts 2b is given a larger value than the 
width of optical waveguides 21 in the optical 
coupling part 2a only in a portion, so that the optical 
waveguides 22 consist of parts with width W2 and 
other parts with width Wi. With such a construction 
it is possible to set the complete coupling length of 
the optical coupling part 2a for an arbitrary polariza- 



tion component to be entirely free from any influence 
of the form of the optical waveguides 22 of the light 
Intake/outlet part 2b. Moreover, it is possible to 
obtain a polarization-independent optical switch 
5 which has low loss and small length L of the device 
length. 

It should be mentioned in the structure of the 
present invention that the loss generated due to light 
wave mode coupling, light wave mode conversion 
10 and the like at the connection parts of two optical 
waveguides with different widths Wi and W2, has 
been confirmed by experiment to be extremely 
small, being less than 0.1 dB/cm. 

Further, the optical switch with the structure of 
15 the present invention can be operated as an optical 
modulator by applying a modulation signal to the 
control electrodes, as is well known. 

As described in the foregoing, according to the 
present invention it Is possible to obtain a polariza- 
20 tion-independent optical switch with low loss and 
small length of device element by making the width 
of the optical waveguides of the light intake/outlet 
parts consisting of curved optical waveguides 
greater than the width of the optica! waveguides of 
25 the optical coupling part. 

Although the above embodiments are described 
with a LiNbOs crystal substrate, use can be made of 
other materials such as LiTaOs and compound 
semiconductor materials. 

30 

Claims 

An optical switch comprising two optical 

35 waveguides (2) formed in a crystal substrate (1) 

exhibiting an electro-optic effect and disposed 
close to each other, and two electrodes (4) 
provided one on each of the optical waveguides 
(2), the optical switch forming a directional 

40 coupler {2a) for switching the optical coupling 

between the optical waveguides (2) in response 
to a voltage applied between the electrodes (4). 
and optical guiding parts (2b) having optical 
waveguide sections (22) connected to the 

45 optical waveguide sections (21) of the direc- 

tional coupler (2a) for inputtlng/outputting light 
to the directional coupler, wherein the width 
(W2) of the optical waveguide sections (22) of 
the guiding parts (2b) Is greater at least in part 

50 than the width (WI) of the optical waveguide 

sections (21) of the directional coupler (2a). 
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@ Polarizatton-independent optical waveguide switch. 

@ An optica! switch comprises two optical waveguides (2) in 
a crystal substrate (1) exhibiting an electro-optic effect. Closely 
adjacent waveguide sections (21) for a directional coupler (2a) 
controlled by the voltage (V) applied between two electrodes 
(4) on these sections (21). Waveguide sections (22) lead Into 
and out of the coupler sections (21 ) for input/output and have a 
width (W2) greater than the width (W1) of the coupler 
waveguide sections (21). 
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